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ABSTRACT 

32099 
S i m u l t a n e o u s  measu remen t s  o f  f o r w a r d  s c a t t e r  by i s o l a t e d  showers  a t  

4.86 and 9 . 1 0  Gc, made by t h e  C e n t r a l  R a d i o  P r o p a g a t i o n  L a b o r a t o r y  i n  

C o l o r a d o ,  a r e  a n a l y z e d  w i t h  t h e  a i d  o f  t i m e - l a p s e  p h o t o g r a p h i c  r e c o r d s  

from a w e a t h e r  r a d a r .  The computed s c a t t e r i n g  c r o s s  s e c t i o n s  a g r e e  w i t h  

t h o s e  found  by w o r k e r s  i n  t h e  f i e l d  o f  r a d a r  m e t e o r o l o g y .  Comparison o f  

t h e  r e c e i v e d  power a t  4.86 Gc and 9 . 1 0  Gc p r o v i d e s  d e f i n i t e  e v i d e n c e  o f  

n o n - R a y l e i g h  s c a t t e r i n g  a t  9.10 Gc, p a r t i c u l a r l y  n e a r  shower c o r e s  a t  

a l t i t u d e s  above  t h e  f r e e z i n g  l e v e l .  On t h e  b a s i s  o f  Mie s c a t t e r i n g  

t h e o r y ,  t h e  p a r t i c l e s  p r o d u c i n g  the mos t  marked d e v i a t i o n s  from R a y l e i g h  

s c a t t e r i n g  a r e  t e n t a t i v e l y  i d e n t i f i e d  a s  d r y  h a i l s t o n e s  some 1 . 5  c m  i n  

d i  ame t e r .  

"he signal levels observed during the- tests are not in 
themselves meaningful measures of the probability of 
interference due t o  t h i s  mode of propagation. They must 
be combined w i t h  data on occurrence of ra in and h a i l  as  
a function of time, place, and season, and v i t h  data on 
the statistical probability of illuminating a scattering 
volume from a ccuauunications s a t e l l i t e  earth station-- 
or a radio relay station. Work along these l ines  is 
planned i n  1964, as w e l l  as additional measurements of 
scattering from rain,  hail, and w e t  snw. 
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. 
I INTRODUCTION AND CONCLUSIONS 

I n  a n  e a r l i e r  memorandum p r e p a r e d  u n d e r  t h e  p r e s e n t  c o n t r a c t , ‘ .  i t  
was p o i n t e d  o u t  t h a t  p r e c i p i t a t i o n  s c a t t e r  s i g n a l s  c o n s t i t u t e  a p o t e n t i a l  

s o u r c e  o f  i n t e r f e r e n c e  a t  t h e  g r o u n d  t e r m i n a l s  o f  a communica t ion  s a t e l -  

l i t e  s y s t e m .  
9.05 Gc, c a r r i e d  o u t  by S t a n f o r d  R e s e a r c h  I n s t i t u t e  i n  C a l i f o r n i a  e a r l y  

i n  1962 ,  y i e l d e d  r e s u l t s  c o m p a t i b l e  w i t h  t h e  a s s u m p t i o n  o f  R a y l e i g h  

s c a t t e r i n g  by r a i n d r o p s  c o n f o r m i n g  t o  p r e v i o u s l y  o b s e r v e d  d r o p - s i z e  

d i s t r i b u t i o n s .  D o h e r t y  and S t o n e  had p r e v i o u s l y  r e p o r t e d  s i m i l a r  

r e s u l t s  a t  2.72 Gc f o r  a 9 0 - m i l e  p a t h  i n  e a s t e r n  Canada .3  

o f  t h e s e  e x p e r i m e n t s ,  o n e  c a n  e s t i m a t e  i n t e r f e r e n c e  l e v e l s  a t  s a t e l -  

l i t e  t e r m i n a l s  i n  c o n t i n u o u s - r a i n  s i t u a t i o n s  a s  a f u n c t i o n  o f  r a i n f a l l  

r a t e  w i t h  a f a i r  d e g r e e  o f  a c c u r a c y .  

An e x p e r i m e n t  t o  measu re  f o r w a r d  s c a t t e r i n g t  by r a i n  a t  

On t h e  b a s i s  

I n  o r d e r  t o  o b t a i n  d a t a  u s e f u l  i n  p r e d i c t i n g  i n t e r f e r e n c e  l e v e l s  due  

t o  s h o w e r s  and  t h u n d e r s t o r m s ,  t h e  C e n t r a l  R a d i o  P r o p a g a t i o n  L a b o r a t o r y  

of t h e  N a t i o n a l  Bureau  of  S t a n d a r d s  i s  c o n d u c t i n g  a program t o  m e a s u r e  

p r e c i p i t a t i o n  s c a t t e r  i n  n o r t h e a s t e r n  C o l o r a d o ,  u n d e r  a c o n t r a c t  w i t h  

t h e  N a t i o n a l  A e r o n a u t i c s  and  S p a c e  A d m i n i s t r a t i o n .  I n  p a r t i c u l a r ,  t h e  
program i s  i n t e n d e d  t o  m e a s u r e  s c a t t e r i n g  by s t o r m s  p r o d u c i n g  h a i l ,  a s  

Mie s c a t t e r i n g  t h e o r y  i n d i c a t e s  v e r y  l a r g e  f o r w a r d - s c a t t e r  c r o s s  s e c t i o n s  

f o r  h a i l s t o n e s . ‘  Measurements  a re  b e i n g  made a t  4 .86  Gc (C band)  and a t  

9 . 1 0  Gc (X b a n d ) ,  w i t h  t h e  t r a n s m i t t e r s  a t  Akron, C o l o r a d o ,  and t h e  

r d c e i v e r s  1 7 0  km away a t  T a b l e  Mesa ( F i g .  1) .  
R a d i o  P r o p a g a t i o n  L a b o r a t o r y  m a i n t a i n s  c l o s e  c o o p e r a t i o n  w i t h  C o l o r a d o  

S t a t e  U n i v e r s i t y  p e r s o n n e l  who a r e  s t u d y i n g  h a i l s t o r m s  i n  t h e  same 

g e n e r a l  a r e a .  

U n i v e r s i t y  i n c l u d e  r e c o r d s  from a w e a t h e r  r a d a r  s e t  o p e r a t e d  a t  N e w  

Raymer ( F i g .  1) by A t m o s p h e r i c s ,  I n c . ,  a s  p a r t  o f  t h e  U n i v e r s i t y ’ s  

program. 

I n  t h i s  work,  t h e  C e n t r a l  

D a t a  P r o v i d e d  t o  t h e  L a b o r a t o r y  by C o l o r a d o  S t a t e  

* 
Reference. are  l i s t e d  a t  t h e  end of the  report .  

We s h a l l  use t h i s  term for  scattering i n  a11 d i r e c t i o n s  other  than d i r e c t l y  back t o  t h e  transmitter.  
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I .  
L .  

T h i s  r e s e a r c h  memorandum c o n t a i n s  a p r e l i m i n a r y  a n a l y s i s ,  pe r fo rmed  

by S t a n f o r d  R e s e a r c h  I n s t i t u t e  a t  t h e  r e q u e s t  o f  t h e  N a t i o n a l  A e r o n a u t i c s  

and  S p a c e  A d m i n i s t r a t i o n ,  o f  some o f  t h e  p r e c i p i t a t i o n - s c a t t e r  d a t a  re- 

c o r d e d  by C e n t r a l  Rad io  P r o p a g a t i o n  L a b o r a t o r y .  

r e c o r d e d  s i m u l t a n e o u s l y  on m a g n e t i c  t a p e  and  on a Sanborn  r e c o r d e r ;  d u p l i -  

c a t e  r e c o r d i n g s  from t h e  Sanborn  machine were u s e d  i n  t h e  p r e s e n t  work. 

T i m e - l a p s e  mot ion  p i c t u r e s  o f  t h e  New Raymer w e a t h e r  r a d a r  s c r e e n ,  p r o -  
v i d e d  by A t m o s p h e r i c s ,  I n c . ,  and  Co lo rado  S t a t e  U n i v e r s i t y ,  p r o v e d  i n -  

d i s p e n s a b l e  i n  t h e  a n a l y s i s  o f  t h e  Sanborn  c h a r t s .  

The s c a t t e r  s i g n a l s  were 

Thunder s to rm a c t i v i t y  i n  n o r t h e a s t e r n  C o l o r a d o  a p p e a r s  t o  have  been 

l i g h t e r  t h a n  u s u a l  d u r i n g  t h e  summer of 1963. No measuremen t s  have  been 

o b t a i n e d  t o  d a t e  on s t o r m s  p r o d u c i n g  s i g n i f i c a n t  h a i l  a t  t h e  g round .  A s  
a r e s u l t ,  t h i s  memorandum i s  l i m i t e d  t o  r a t h e r  weak s t o r m s  on t h r e e  d a y s  

d u r i n g  t h e  month o f  J u n e .  

c r i b e d  i n  d e t a i l  i n  t h e  f o l l o w i n g  s e c t i o n s ,  t h e s e  c o n c l u s i o n s  c a n  b e  

drawn: 

On t h e  b a s i s  o f  t h i s  a n a l y s i s ,  which i s  d e s -  

(1) The p r e c i p i t a t i o n  s c a t t e r  s i g n a l s  were o b s e r v e d  on a l l  t h r e e  
d a y s ,  w i t h  t h e  s t r o n g e s t  b e i n g  15 d b  above  t h e  t r o p o s p h e r i c  
s c a t t e r  s i g n a l  o b s e r v e d  w i t h  t h e  a n t e n n a s  d i r e c t e d  a t  e a c h  
o t h e r .  

P r e c i p i t a t i o n  s c a t t e r  s i g n a l s  were r e c e i v e d  on o c c a s i o n  from 
showers  w e l l  o u t s i d e  t h e  h a l f - p o w e r  p o i n t s  o f  t h e  t r a n s m i t t e r  
beam. 

( 2 )  

(3) Computed s c a t t e r i n g  c r o s s  s e c t i o n s  f o r  showers  a g r e e  w i t h  
t h o s e  p r e d i c t e d  on t h e  b a s i s  o f  work w i t h  w e a t h e r  r a d a r  se ts .  

T h e r e  i s  d e f i n i t e  e v i d e n c e  of  Mie s c a t t e r i n g  a t  X band ,  w i t h  
t h e  d e p a r t u r e s  from R a y l e i g h  s c a t t e r i n g  b e i n g  g r e a t e s t  n e a r  
and  above  t h e  f r e e z i n g  l e v e l .  The most  p ronounced  Mie e f f e c t s  
a r e  a t t r i b u t e d  t o  d r y  h a i l s t o n e s  a b o u t  1.5 c m  i n  d i a m e t e r .  

( 4 )  

3 



I1 GEOMETRY OF EXPERIMENT 

The CRPL f o r w a r d - s c a t t e r  e x p e r i m e n t  u s e s  l o w - g a i n  t r a n s m i t t i n g  

a n t e n n a s  t o  i l l u m i n a t e  e n t i r e  showers  o r  g r o u p s  o f  showers  w i t h  c o n -  

t i n u o u s - w a v e  r a d i a t i o n ,  and  s c a n s  t h e  i l l u m i n a t e d  r e g i o n s  w i t h  v e r y  

h i g h - g a i n  r e c e i v i n g  a n t e n n a s .  Fo r  t h i s  s i t u a t i o n ,  t h e  beam geomet ry  

i s  r a t h e r  s i m p l e  ( F i g .  1 ) ;  t h e o r e t i c a l l y ,  t h e  common volume c a n  b e  

c o n s i d e r e d  t o  i n c l u d e  a l l  o f  t h e  r e c e i v e r  beam be tween t h e  h a l f - p o w e r  

p o i n t s  o f  t h e  t r a n s m i t t e r  beam. U s u a l l y ,  however ,  t h e  l e n g t h  o f  t h e  

c o n t r i b u t i n g  r e g i o n  ( a l o n g  t h e  r e c e i v e r  beam) i s  r e s t r i c t e d  f u r t h e r  by 

t h e  d i m e n s i o n s  o f  t h e  shower  c a u s i n g  t h e  s c a t t e r i n g .  F o r  s u c h  a c a s e ,  

Eq. ( 1 2 )  o f  Re f .  1 c a n  b e  a d a p t e d  t o  t h e  form 

where  P r  i s  t h e  (mean) r e c e i v e d  power ,  

P,  i s  t h e  t r a n s m i t t e d  power ,  

C ,  i s  t h e  g a i n  o f  t h e  t r a n s m i t t i n g  a n t e n n a ,  

? i s  t h e  s c a t t e r i n g  c r o s s  s e c t i o n  p e r  u n i t  volume f o r  
s c a t t e r i n g  i n  t h e  d i r e c t i o n  o f  t h e  r e c e i v e r ,  a v e r a g e d  
o v e r  t h a t  p a r t  o f  t h e  shower  i n  t h e  r e c e i v e r  beam, 

V i s  t h e  volume c o n t r i b u t i n g  t o  t h e  r e c e i v e d  power ,  

G r  i s  t h e  g a i n  o f  t h e  r e c e i v i n g  a n t e n n a ,  

h i s  t h e  w a v e l e n g t h  o f  t h e  r a d i a t i o n ,  

R ,  i s  t h e  r a n g e  o f  t h e  shower  from t h e  t r a n s m i t t e r ,  

R r  i s  t h e  r a n g e  o f  t h e  shower  from t h e  r e c e i v e r .  

and  

Upon r e a r r a n g e m e n t ,  t h i s  y i e l d s  

(477) 3R:R:Pr 
TV = 

A ~ G  t ~ r ~ t  
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I n  t h e  p r e s e n t  c a s e ,  w e  c an  w r i t e  

where  L i s  t h e  l e n g t h  t h e  shower e x t e n d s  a l o n g  t h e  rece iver  beam. Sub-  

s t i t u t i o n  o f  t h i s  i n  Eq. ( 2 )  l e a d s  t o  

A s  7 h a s  d i m e n s i o n s  o f  r e c i p r o c a l  l e n g t h  ( a r e a  p e r  u n i t  vo lume) ,  T L  i s  

a p u r e  number. 

The equ ipmen t  c h a r a c t e r i s t i c s  f o r  t h e  p r e s e n t  e x p e r i m e n t  a r e  shown 

i n  T a b l e  I .  

Table I The r e c e i v e r  beamwidths  a r e  
EQUIPMENT CHARACTERISTICS, CRPL a p p r o x i m a t e l y  1 5  m i n u t e s  a t  X band 

and 30 m i n u t e s  a t  C band. A t  a 
SCATTER EXPERIMENT 

I I I 1 
r a n g e  o f  s a y ,  1 0 0  km, t h e  C-band 

r ece ive r  beam i s  o n l y  0 .9  km w i d e ,  

w e l l  u n d e r  t h e  d i a m e t e r  o f  a 

t y p i c a l  shower.  We can  a s sume ,  

t h e r e f o r e ,  t h a t  L i s  t h e  same f o r  

t h e  two  f r e q u e n c i e s ,  and u s e  t h e  

f o 11 owing s imp 1 e f o rmu 1 a : 

where a l l  symbol s  a r e  a s  d e f i n e d  p r e v i o u s l y ,  a p a r t  from t h e  a d d i t i o n  o f  

t h e  s u b s c r i p t s  x and  c .  S u b s t i t u t i n g  n u m e r i c a l  v a l u e s  from T a b l e  I ,  w e  

f i n d  

The CRPL equ ipmen t  o p e r a t e s  i n  ve ry  n a r r o w  b a n d s ,  500 c p s  w i d e  f o r  

t h e  X-band s y s t e m  and 1 , 2 0 0  c p s  f o r  t h e  C-band. T h e s e  a r e  c o m p a r a b l e  

5 



w i t h  t h e  D o p p l e r  s h i f t s  a s s o c i a t e d  w i t h  t h e  m o t i o n s  o f  p r e c i p i t a t i o n  

p a r t i c l e s .  A s  t h e  combined e l e v a t i o n  a n g l e s  o f  t h e  t r a n s m i t t e r  and  

r e c e i v e r  beams n e v e r  e x c e e d e d  6 " ,  t h e  D o p p l e r  s h i f t  f o r  s t o r m s  o f f  t h e  

d i r e c t  p a t h  c a n  b e  e s t i m a t e d  from t h e  h o r i z o n t a l  w ind ,  n e g l e c t i n g  p a r t i c l e  

f a l l  v e l o c i t i e s  a n d  v e r t i c a l  c u r r e n t s .  L e t  sT and  sR be u n i t  v e c t o r s  

d i r e c t e d  from t h e  shower  toward  t h e  t r a n s m i t t e r  and  r e c e i v e r ,  r e s p e c t i v e l y ,  

and  V be t h e  wind v e c t o r  i n  t h e  p a r t  o f  t h e  shower  c o n t r i b u t i n g  t o  t h e  

s c a t t e r e d  s i g n a l .  Then t h e  Dopp le r  s h i f t  o f  t h e  s i g n a l  p r o d u c e d  by a 

p a r t i c l e  moving w i t h  t h e  wind i s  g i v e n  by 

I n  some o f  t h e  c a s e s  s t u d i e d ,  t h e  nf computed  f o r  t h e  X-band s y s t e m  

was comparab le  t o  t h e  5 0 0 - c p s  b a n d w i d t h ,  and  s o  i t  i s  l i k e l y  t h a t  some 

s i g n a l  was l o s t  o c c a s i o n a l l y  t h r o u g h  b e i n g  s h i f t e d  o u t  o f  t h e  r e c e i v e r  

p a s s  band. A t  C band ,  t h e  s h i f t s  a r e  s m a l l e r  and  t h e  p a s s  band  w i d e r ;  

no c a s e s  were found  where  t h i s  e f f e c t  would be  s e r i o u s .  

The s c a t t e r  s i g n a l  p r o d u c e d  by p r e c i p i t a t i o n  i s  i n c o h e r e n t ,  b e c a u s e  

t h e  p a r t i c l e s  w i t h i n  t h e  c o n t r i b u t i n g  r e g i o n  move w i t h  r e s p e c t  t o  o n e  

a n o t h e r .  T h i s  l e a d s  t o  a b r o a d e n i n g  o f  t h e  s p e c t r u m  o f  t h e  r e c e i v e d  

s i g n a l ,  o f  t h e  o r d e r  o f  a few h u n d r e d  c y c l e s  p e r  s e c o n d ,  i n  a d d i t i o n  t o  

t h e  s y s t e m a t i c  D o p p l e r  s h i f t s .  The t i m e  t o  i n d e p e n d e n c e  f o r  r a i n  and  

h a i l  a t  X band and  C band i s  a few m i l l i s e c o n d s ,  b e i n g  s h o r t e r  a t  t h e  

h i g h e r  f r e q u e n c y .  The f r e q u e n c y  r e s p o n s e  o f  t h e  r e c o r d i n g  equ ipmen t  

u s e d  i n  t h e  CHPL e x p e r i m e n t  i s  t o o  low t o  show t h e s e  f l u c t u a t i o n s  i n  

f u l l .  The t r a c e s  do f l u c t u a t e ,  b u t  t h e  s i g n a l s  a s  shown a r e  smoothed  

t o  some e x t e n t .  
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I11 ANALYSIS OF DATA 

A .  GENERAL 

The r e c o r d s  c h o s e n  f o r  a n a l y s i s  were o b t a i n e d  on 1 4 ,  2 6 ,  and 27 J u n e  

1 9 6 3 .  On 26 and  27 J u n e ,  v e r t i c a l  p o l a r i z a t i o n  w a s  u s e d  a t  t h e  t r a n s -  

mit ters  a n d  r e c e i v e r s ,  so t h a t ,  f o r  s c a t t e r e r s  o f f  t h e  G r e a t  C i r c l e  p a t h ,  

t h e  s c a t t e r e d  component p e r p e n d i c u l a r  t o  t h e  o b s e r v a t i o n  p l a n e  was re- 

c o r d e d .  Thus t h e  s c a t t e r e d  s i g n a l s  were c o n t r i b u t e d  by t h e  i, t e r m  o f  

t h e  Mie s c a t t e r i n g  t h e o r y . 4  

(a:= 217 a /h  << 1, where a i s  t h e  p a r t i c l e  r a d i u s ) ,  i, i s  i n d e p e n d e n t  o f  

t h e  s c a t t e r i n g  a n g l e ,  8. On 1 4  J u n e  h o r i z o n t a l  p o l a r i z a t i o n  was u s e d ,  

s o  t h a t ,  f o r  s c a t t e r e r s  o f f  t h e  G r e a t  C i r c l e  p a t h ,  t h e  component p a r a l l e l  

t o  t h e  s c a t t e r i n g  p l a n e  was o b s e r v e d .  The s i g n a l s  o b s e r v e d  i n  t h i s  c a s e  

a r e  c o n t r i b u t e d  by t h e  i, term o f  t h e  Mie t h e o r y ,  which v a n i s h e s  f o r  

R a y l e i g h  s c a t t e r e r s  a t  0 = 17/2.  However, mos t  o f  t h e  1 4  J u n e  o b s e r v a t i o n s  

were made w i t h  8 n e a r  30°, where  i, i s  n o t  much s m a l l e r  t h a n  i,. 

F o r  t h e  s p e c i a l  c a s e  o f  R a y l e i g h  s c a t t e r i n g  

On 26 and  27 J u n e ,  some o b s e r v a t i o n s  were made w i t h  t h e  a n t e n n a s  

d i r e c t e d  toward  e a c h  o t h e r  i n  a z i m u t h .  I n  t h i s  c a s e ,  t h e  o b s e r v a t i o n  

p l a n e  i s  v e r t i c a l  and  the  response is i n  the r a t h e r  t h a n  t h e  i ,  

term. 

p l a n e ,  t h i s  s w i t c h  m e r e l y  s e r v e s  t o  m a i n t a i n  t h e  o r i g i n a l  p o l a r i z a t i o n  

( v e r t i c a l  i n  t h i s  c a s e ) .  

i, t e r m ,  

However,  a s  i ,  and  i, a r e  d e f i n e d  r e l a t i v e  t o  t h e  o b s e r v a t i o n  

The s i g n a l s  were a n a l y z e d  a s  f o l l o w s .  The i n t e r s e c t i o n  o f  t h e  

t r a n s m i t t e r  a n d  r e c e i v e r  beams was p l o t t e d  t o  p r o v i d e  a f i r s t  e s t i m a t e  

o f  t h e  l o c a t i o n  o f  t h e  shower y i e l d i n g  t h e  s c a t t e r e d  s i g n a l .  

o f  t h e  w i d t h  o f  t h e  t r a n s m i t t e r  beam, i t  was somet imes  n e c e s s a r y  t o  

u s e  t h e  N e w  Raymer r a d a r  d a t a  t o  f i x  t h e  shower  l o c a t i o n  and  d e t e r m i n e  

R t  and  R r  a c c u r a t e l y .  

l e v e l s  i n  Eq. 

a s  a l l  t h e  o t h e r  f a c t o r s  a r e  c o n s t a n t .  The h e i g h t  o f  t h e  c o n t r i b u t i n g  

r e g i o n  was computed from R r  and  t h e  e l e v a t i o n  a n g l e  o f  t h e  r e c e i v e r  beam. 

Upper  wind d a t a  from Denver  were u s e d  i n  e s t i m a t i n g  t h e  D o p p l e r  s h i f t s  

a s s o c i a t e d  w i t h  h o r i z o n t a l  p a r t i c l e  m o t i o n s .  F i n a l l y ,  L was d e t e r m i n e d  

from t i m e - l a p s e  p h o t o g r a p h i c  r e c o r d s  from t h e  N e w  Raymer r a d a r ,  p r o p e r  

B e c a u s e  

By s u b s t i t u t i n g  f o r  A t  and t h e  o b s e r v e d  power 

( 4 ) ,  e s t i m a t e s  of (TL) were o b t a i n e d  f o r  C band and X band ,  
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a l l o w a n c e  b e i n g  made f o r  t h e  beam w i d t h  o f  t h e  r a d a r  s e t ,  p e r m i t t i n g  an 

e s t i m a t e  o f  t h e  a v e r a g e  v a l u e  o f  f o r  t h a t  p a r t  o f  t h e  shower i n  t h e  

r e c  e i ve r b e  am. 

The s t r o n g e s t  s i g n a l s  o b s e r v e d  d u r i n g  t h e  t h r e e  d a y s  were -97 dbm 

a t  X band and -103 dbm a t  C band.  On 27 J u n e ,  some o b s e r v a t i o n s  o f  t h e  

t r o p o s p h e r i c  s c a t t e r  s i g n a l  were made w i t h  t h e  beams d i r e c t e d  a t  e a c h  

o t h e r ;  t h e  o b s e r v e d  s i g n a l s  a v e r a g e d  -113 dbm a t  X band and -118 dbm a t  

C band.  T h u s ,  t h e  p r e c i p i t a t i o n  s c a t t e r  s i g n a l s  from t h e  i s o l a t e d  

showers  r a n  a s  much a s  15 db above t h e  t r o p o s c a t t e r  s i g n a l  on t h e  d i r e c t  

p a t h .  The p a t h  was s h o r t  ( 1 7 0  k m )  compared t o  many t r o p o s c a t t e r  l i n k s ;  

a s  t r o p o s c a t t e r  s i g n a l s  d e c r e a s e  more r a p i d l y  w i t h  d i s t a n c e  t h a n  do p r e -  
c i p i t a t i o n  s c a t t e r  s i g n a l s ,  t h e e x c e s s  o f  t h e  p r e c i p i t a t i o n  s c a t t e r  s i g n a l  

o v e r  t h e  t r o p o s c a t t e r  s i g n a l  would have  been l a r g e r  on a l o n g e r  p a t h . '  

The t r o p o s p h e r i c  s c a t t e r  s i g n a l ,  l i k e  t h e  p r e c i p i t a t i o n  s c a t t e r ,  i s  

i n c o h e r e n t ,  b u t  w i t h  a t i m e  t o  i n d e p e n d e n c e  o f  t h e  o r d e r  o f  a s e c o n d ,  

t h a t  i s ,  comparab le  t o  t h e  t i m e  l a g  i n  t h e  r e c o r d i n g  a p p a r a t u s ,  a s  com- 

p a r e d  w i t h  a few m i l l i s e c o n d s  f o r  t h e  p r e c i p i t a t i o n  s c a t t e r .  Thus ,  t h e  

t r o p o s c a t t e r  s i g n a l s  unde rgo  l i t t l e  a v e r a g i n g  o v e r  t ime,  s o  t h a t  a s  

r e c o r d e d  t h e y  a p p e a r  t o  f l u c t u a t e  more w i d e l y  t h a n  do t h e  p r e c i p i t a t i o n  

s c a t t e r  s i g n a l s .  

B. A SITUATION I N  D E T A I L  

F i g u r e  2 shows i n  d e t a i l  t h e  s i t u a t i o n  a t  1510 MST on 27 J u n e .  The 

t h r e e  showers  a r e  shown a s  r e v e a l e d  by t h e  N e w  Raymer r a d a r ,  a f t e r  t h e  

beamwidth c o r r e c t i o n .  The t r a n s m i t t e r  b e a r i n g  was 240"; on t h e  b a s i s  o f  

t h e  g a i n s  o f  t h e  t r a n s m i t t i n g  a n t e n n a s ,  shown i n  T a b l e  I ,  t h e  h a l f - p o w e r  

h e a r i n g s  a r e  e s t i m a t e d  a t  23.4" and 246" f o r  t h e  C-band beam and 232" and 

248' f o r  t h e  X-band beam. The g r a p h  p r o j e c t i o n  a t  l o w e r  r i g h t  shows t h e  

power r e c e i v e d  w i t h  t h e  rece iver  e l e v a t i o n  a n g l e  a t  0.5 '  a s  a f u n c t i o n  

o f  r e c e i v e r  b e a r i n g ,  a t  b o t h  X band and C band.  I t  i s  s e e n  t h a t  q u i t e  

s t r o n g  s i g n a l s  were r e c e i v e d  a t  t imes when t h e  o n l y  s h o w e r s  p r e s e n t  i n  

t h e  r e c e i v e r  beam were  o u t s i d e  t h e  h a l f - p o w e r  p o i n t s  o f  the t ransmit ter  beam. 

Thunder s to rm t o p s  a r e  o f t e n  e l o n g a t e d  by wind s h e a r ,  w i t h  i c e  c r y s t a l s  

l a r g e  enough t o  be d e t e c t e d  by X-band r a d a r s  c a r r i e d  many mi les  away from 

t h e  s t o r m  c o r e s .  The N e w  Raymer r a d a r ,  o p e r a t i n g  on a low e l e v a t i o n  a n g l e ,  

would show o n l y  t h e  c o r e s .  However, t h e  low e l e v a t i o n  a n g l e  o f  t h e  r e -  

c e i v e r  beam i n  t h i s  c a s e  e n s u r e s  t h a t  t h e  s c a t t e r  s i g n a l s  a l s o  o r i g i n a t e d  
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FIG. 2 SHOWER LOCATIONS AND RECEIVED POWER AS A FUNCTION 
OF RECEIVER BEARING, 1510 MST, 27 JUNE 1963 

i n  t h e  l o w e r  p a r t s  o f  t h e  showers ,  w i t h i n  2 km o f  t h e  ground.  

w e  c o n c l u d e  t h a t  t h e  s i g n a l s  r e c e i v e d  on b e a r i n g s  o f  less  t h a n  126" a r e  

due  e n t i r e l y  t o  Shower 1 and t h o s e  r e c e i v e d  on b e a r i n g s  o f  more t h a n  135' 
a r e  due  e n t i r e l y  t o  Shower 2. 
126O and  135O a r e  d u e  p r i m a r i l y  t o  Shower 3, w i t h  some c o n t r i b u t i o n s  from 

Shower 2 .  Shower 3 shows e v i d e n c e  o f  a m u l t i c e l l u l a r  s t r u c t u r e  on b o t h  

t h e  r a d a r  p h o t o g r a p h s  and t h e  fo rward  s c a t t e r  r e c o r d s .  

n o t  s c a n n e d  t h r o u g h  b e a r i n g s  l e s s  t h a n  1 2 0 ° ,  s o  i t  i s  i m p o s s i b l e  t o  s t a t e  

what s i g n a l s  would h a v e  been  r e c e i v e d  from t h e  n o r t h e r n  p a r t o f s h o w e r  1. 

T h e r e f o r e ,  

The s i g n a l s  r e c e i v e d  on b e a r i n g s  be tween 

The r e c e i v e r  was 
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The f a c t  t h a t  d e t e c t a b l e  s i g n a l s  a r e  r e c e i v e d  from s h o w e r s  o u t s i d e  

t h e  t r a n s m i t t e r  beam's  h a l f - p o w e r  p o i n t s  i n d i c a t e s  t h a t  r e l i a b l e  s t a -  

t i s t i c s  on t h e  s c a t t e r i n g  e f f i c i e n c y  o f  s h o w e r s  c a n n o t  be  o b t a i n e d  b y  

r e f e r e n c e  t o  f o r w a r d - s c a t t e r  d a t a  o n l y .  

C.  CALCULATIONS OF SCATTERING CROSS SECTIONS 

The f u n c t i o n  (qL) h a s  been  computed  a s  d e s c r i b e d  above  f o r  t h o s e  

c a s e s  where t h e  r a d a r  d a t a  showed showers  i n  t h e  common volume o f  t h e  

t r a n s m i t t e r  and r e c e i v e r  beams. The maximum v a l u e s ,  -26 db a t  X band 

and -43 d b  a t  C band ,  o c c u r r e d  i n  a shower  o b s e r v e d  a t  1548 MST on 

27 J u n e ,  90 km f rom t h e  r e c e i v e r  s i t e  on  a b e a r i n g  o f  117".  I n  t h i s  

c a s e ,  L was 6 km; h e n c e  q, and q, were -64 dbm-' and -81 d b m - l ,  r e s p e c -  

t i v e l y .  

If one were t o  assume t h a t  t h e  p r e c i p i t a t i o n  p a r t i c l e s  were R a y l e i g h  

s c a t t e r e r s ,  f o l l o w i n g  p r e v i o u s l y  o b s e r v e d  t y p i c a l  r a i n d r o p - s i z e  d i s t r i -  

b u t i o n s ,  one  c o u l d  d e d u c e  a r a i n f a l l  r a t e  o f  4 mm/hr on t h e  b a s i s  o f  t h e  

X-band o b s e r v a t i o n ,  b u t  o n l y  2 mm/hr on t h e  b a s i s  o f  t h e  C-band G b s e r v a -  

t i o n  ( F i g .  1 o f  R e f .  2 ) .  T h i s  a p p a r e n t  d i s c r e p a n c y  i s  d u e  t o  t h e  f a c t  

t h a t  non-Ray le igh  s c a t t e r i n g  was t a k i n g  p l a c e  a t  t h e  X-band f r e q u e n c y  

( s e e  Sec.  111-D).  

The d a t a  s t u d i e d  c o n t a i n  18  c a s e s  where  i t  i s  p o s s i b l e  t o  compute  

qL and t h e  a v e r a g e  v a l u e  o f  77 w i t h  t h e  r e c e i v e r  beam p a s s i n g  t h r o u g h  t h e  

c o r e  of  a p r e c i p i t a t i o n  c e l l .  The  g e o m e t r i c  a v e r a g e  o f  T, ,  t h a t  i s ,  t h e  

a v e r a g e  o f  t h e  i n d i v i d u a l  c a s e s  e x p r e s s e d  on a d e c i b e l  s c a l e ,  i s  70 db m-'; 

t h e  g e o m e t r i c  a v e r a g e  o f  -qe o v e r  t h e  18 c a s e s  i s  -88db m . - 1  

The a v e r a g e  v a l u e  o f  q, j u s t  q u o t e d  c o r r e s p o n d s  t o  a r a i n f a l l  r a t e  

o f  t h e  o r d e r  o f  0 . 5  mm/hr, wh ich  i s  q u i t e  low.  However,  t h e r e  i s  a t e n -  

dency  f o r  r a i n f a l l  r a t e s  i n  showers  t o  i n c r e a s e  s h a r p l y  w i t h  i n c r e a s i n g  

p e n e t r a t i o n  t o w a r d  t h e  c e n t e r .  T h e r e f o r e ,  o n e  wou ld  e x p e c t  r a i n f a l l  

r a t e s  nea r  t h e  c e n t e r s  t o  e x c e e d  t h e  computed v a l u e s ,  which  a r e  a v e r a g e s  

a l o n g  a d i a m e t e r ,  by a c o n s i d e r a b l e  marg in .  

I n  a n a l y z i n g  t h e  r a d a r  r e f l e c t i v i t y  w i t h i n  s h o w e r s ,  D e n n i s  h a s  s u g -  
g e s t e d  t h e  f o r m u l a  
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, where 2' i s  t h e  e q u i v a l e n t  r e f l e c t i v i t y  [Eq. ( 1 0 )  o f  R e f .  11,  
C i s  a c o n s t a n t  f o r  a p a r t i c u l a r  s h o w e r ,  

r o  i s  t h e  shower r a d i u s ,  

r i s  d i s t a n c e  measu red  from t h e  shower c e n t e r .  

and 

I n  t h e  c a s e  o f  R a y l e i g h  s c a t t e r e r s ,  t h e  e q u i v a l e n t  r e f l e c t i v i t y  i s  

s i m p l y  t h e  sum o f  t h e  s i x t h  powers  o f  t h e  p a r t i c l e  d i a m e t e r s  p e r  u n i t  

volume. I n  a l l  c a s e s ,  i t  is  r e l a t e d  t o  - q ( ~ ) ,  t h e  back-scattering c r o s s  

s e c t i o n  p e r  u n i t  volume,  by 

where 2' i s  e x p r e s s e d  i n  m m 6  m-3, A i n  m e t e r s ,  and  q(n) i n  r e c i p r o c a l  meters. 

With r o  and r e x p r e s s e d  i n  k i l o m e t e r s ,  t h e  p a r a m e t e r  C i n  Eq. ( 8 )  
r a n g e s  from a r o u n d  4 ,  i n  p o l a r  a i rmasses  w i t h  d e w p o i n t s  n e a r  O"C, up t o  

100, i n  humid t r o p i c a l  a i r .  The a p p r o p r i a t e  v a l u e  f o r  d r y ,  summer c o n d i -  

t i o n s  i n  C o l o r a d o  is e s t i m a t e d  a t  10. S u b s t i t u t i o n  o f  t h i s  i n  Eq. (81 ,  
i n t e g r a t i o n  a l o n g  a shower d i a m e t e r ,  and t h e  u s e  of  Eq. ( 9 ) ,  l e a d  t o  t h e  

c u r v e s  o f  F i g .  3. T h e s e  show t h e  e x p e c t e d  maximum v a l u e  o f  (qL) a s  a 

f u n c t i o n  o f  shower r a d i u s  a t  4.86 and 9 .10  G c .  

The X's  and C ' s  on F i g .  3 show t h e  measu red  maximum v a l u e s  o f  ( 7 / = L )  
and ( q c L )  from t h e  p r e s e n t  s t u d y  p l o t t e d  a g a i n s t  L / 2 ,  c o n s i d e r e d  a s  t h e  

r a d i u s .  

e s p e c i a l l y  a t  C band .  

R a y l e i g h  s c a t t e r i n g  a t  X band ,  t h e  b a c k - s c a t t e r i n g  c r o s s  s e c t i o n s  would 

be  s m a l l e r  t h a n  t h e  o b s e r v e d  f o r w a r d - s c a t t e r  c r o s s  s e c t i o n s ,  and so would 

a g r e e  somewhat b e t t e r  w i t h  t h e  c u r v e  based upon t h e  shower model.  

The a g r e e m e n t  w i t h  t h e  c u r v e s  b a s e d  upon t h e  model i s  q u i t e  good ,  

I t  s h o u l d  be  no ted  t h a t ,  i n  t h e  c a s e s  w i t h  non- 

D. EVIDENCE OF MIE SCATTERING 

AS t h e  R a y l e i g h  s c a t t e r i n g  cross s e c t i o n  v a r i e s  a s  f', t h e  r a t i o  
~ , / 7 / ,  f o r  R a y l e i g h  s c a t t e r e r s  i n  t h e  p r e s e n t  s t u d y  i s  11 db. 

v a l u e s  o f  t h e  r a t i o  r a n g e  from 1 0  t o  25 d b ,  so t h e  r a t i o  f o r  R a y l e i g h  

s c a t t e r e r s  se rves  a s  a l o w e r  bound,  w i t h i n  t h e  l i m i t s  o f  measurement  

e r r o r .  

a s  much as  3 d b  by D o p p l e r  e f f e c t s ,  but no a t t e m p t  t o  c o r r e c t  f o r  t h i s  

e f f e c t  i s  made i n  t h i s  s e c t i o n .  

The o b s e r v e d  

I t  i s  p o s s i b l e  t h a t  t h e  X-band s i g n a l  was r e d u c e d  on o c c a s i o n  by 
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A t t e m p t s  have  been made t o  c o r r e l a t e  t h e  r a t i o  ' q x / q c  w i t h  t h e  s c a t -  
* 

t e r i n g  a n g l e  8, w i t h  t h e  h e i g h t  o f  t h e  c o n t r i b u t i n g  r e g i o n ,  and w i t h  7 , .  

The r a t i o  d o e s  n o t  show a s i g n i f i c a n t  c o r r e l a t i o n  w i t h  any o f  t h e  t h ree  

p a r a m e t e r s .  As a t t e n u a t i o n  i s  more i m p o r t a n t  a t  X band t h a n  a t  C band,  

t h e  r e c o r d s  have  been examined t o  s e e  i f  t h e  low v a l u e s  o f  t h e  r a t i o  a r e  

a s s o c i a t e d  w i t h  c o n t r i b u t i n g  r e g i o n s  s h i e l d e d  from t h e  t r a n s m i t t e r  or 

r e c e i v e r  by i n t e r v e n i n g  showers .  No e v i d e n c e  o f  s u c h  an e f f e c t  h a s  been 

f o u n d ,  and  t h e  low ave rage  r a i n f a l l  r a t e s  d e r i v e d  above  i n d i c a t e  t h a t  

a t t e n u a t i o n  i s  o f  m i n o r  i m p o r t a n c e  i n  t h e  s m a l l  s h o w e r s  u n d e r  c o n s i d e r a t i o n .  

The v a r i a t i o n s  i n  t h e  r a t i o  T, /T ,  a r e  r e a l  and s y s t e m a t i c ,  however.  

T h i s  i s  c l e a r l y  s e e n  i n  F i g .  4 ,  which  shows t h e  measu red  r a t i o  a s  a f u n c -  

t i o n  o f  r e c e i v e r  b e a r i n g  and e l e v a t i o n  o f  t h e  c o n t r i b u t i n g  r e g i o n  between 

1607 and 1619 MST on 27 J u n e .  The r e f l e c t i v i t y  a t  C band i n  t h e  same 

r e g i o n  i s  shown i n  F i g .  5 ;  c o m p a r i s o n  of F i g s .  4 and 5 shows t h a t  t h e  

maximum o f  q , / ~ ,  d o e s  n o t  c o i n c i d e  w i t h  t h e  shower c o r e  a s  shown by 7 , .  
Of p a r t i c u l a r  s i g n i f i c a n c e  i s  t h e  f a c t  t h a t  t h e  r a t i o  i s  a maximum some 

4 km above g r o u n d ,  w h e r e a s  7 7 ,  r e a c h e s  i t s  maximum c l o s e  t o  or a t  t h e  

g round .  

The r a t i o s  shown i n  F i g .  4 c a n  be e x p l a i n e d  l o g i c a l l y  on t h e  b a s i s  

o f  f i g u r e s  p r e s e n t e d  by Herman and  B a t t a n '  and by Gunn and E a s t .  

and B a t t a n  h a v e  computed t h e  Mie s c a t t e r i n g  f u n c t i o n s ,  

f o r  i c e  s p h e r e s  f o r  v a r i o u s  v a l u e s  o f  a ( =  277a/h) up t o  5 .  T h e i r  r e s u l t s  

a r e  computed f o r  t h e  w a v e l e n g t h  3.2 cm, b u t  s h o u l d  be  a p p l i c a b l e  a t  C b a n d  

a s  w e l l ,  s i n c e  t h e  r e f r a c t i v e  i n d e x  o f  i c e  i s  i n d e p e n d e n t  o f  f r e q u e n c y  

i n  t h e  microwave r e g i o n .  Angu la r  s c a t t e r i n g  f u n c t i o n s  f o r  w a t e r  d r o p s  

i n  t h e  microwave r e g i o n  a r e  n o t  a v a i l a b l e .  However,  i t  a p p e a r s  t h a t  t h e  

r e l a t i v e  e f f i c i e n c y  o f  s c a t t e r i n g  i n  a g i v e n  d i r e c t i o n  a t  two d i f f e r e n t  

f r e q u e n c i e s  can  b e  e s t i m a t e d  from F i g .  6 ,  which i s  r e p r o d u c e d  from Gunn 

and E a s t .  T h i s  f i g u r e  shows t h e  r a t i o  o f  Q, ( M i e ) ,  t h e  t o t a l  Mie c r o s s  

s e c t i o n  ( s c a t t e r i n g  p l u s  a b s o r p t i o n )  , t o  Q,  ( R a y l e i g h )  , 
c r o s s  s e c t i o n ,  f o r  w a t e r  d r o p s  a t  18°C a t  s e v e r a l  f r e q u e n c i e s  i n  t h e  

microwave r e g i o n .  F i g u r e  9 o f  Ref .  4 shows t h a t  t h e  f r a c t i o n  o f  t h e  

t o t a l  s c a t t e r i n g  c o n t a i n e d  i n  t h e  c o n e s  d e f i n e d  by 6 < l o o ,  8 < 20°, and 

SO o n ,  i s  a s l o w l y  v a r y i n g  f u n c t i o n  of a. T h e r e f o r e ,  w e  w i l l  make u s e  

o f  F i g .  6 i n  e s t i m a t i n g  t h e  r a t i o  qZ/qc f o r  r a i n d r o p s .  

Herman 

i , (e )  and i 2 ( e ) ,  

t h e  t o t a l  R a y l e i g h  

From F i g .  6 ,  i t  i s  found t h a t  t h e  maximum p o s s i b l e  q x / q r  f o r  r a i n -  
I n  t h i s  r a n g e ,  t h e  r a t i o  d r o p s  o c c u r s  f o r  d r o p s  o f  3-to-4-mm d i a m e t e r .  
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FIG. 6 RATIO OF ACTUAL ATTENUATION (by Scattering and Absorption) TO THAT 
GIVEN BY T H E  RAYLEIGH APPROXIMATION, FOR WATER AT 18°C 

of  Q ,  (Mie) t o  0 ,  ( R a y l e i g h )  i s  a p p r o x i m a t e l y  6 times ( 8  d b )  l a r g e r  a t  

9 . 1  GC t h a n  i t  i s  a t  4 . 8 6  Gc. By a d d i n g  i n  t h e  11 d b  d i f f e r e n c e  f o r  

R a y l e i g h  s c a t t e r e r s ,  i t  i s  found t h a t  q x / q c  c a n n o t  e x c e e d  1 9  o r  20 db 

i f  t h e  s c a t t e r e r s  a r e  r a i n d r o p s  or wet s p h e r i c a l  h a i l s t o n e s ,  wh ich  have  

s c a t t e r i n g  p r o p e r t i e s  r e s e m b l i n g  t h o s e  o f  r a i n d r o p s .  

Herman and B a t t a n ' s  r e s u l t s  on i c e  s p h e r e s  show t h a t  t h e  most  r a p i d  

i n c r e a s e  o f  f o r w a r d - s c a t t e r i n g  c r o s s  s e c t i o n s  w i t h  G c c u r s  somewhere 

i n  t h e  r a n g e  0 . 5  < a < 1 .5 .  
32 d b  l a r g e r  a t  a = 1 . 5  t h a n  a t  a = 0 . 5 .  T h i s  f u n c t i o n  must  be w e i g h t e d  

by h2 t o  o b t a i n  t h e  s c a t t e r i n g  c r o s s  s e c t i o n s .  

( h c / h x ) 2  i s  n e a r  5 db ,  l e a v i n g  27 db a s  t h e  r a t i o  o f  t h e  fo rward - sca t t e r ing  

c r o s s  s e c t i o n s  a t  01 = 1 . 5  and (r. = 0 . 5 .  I n  t h e  p r e s e n t  c a s e ,  t h e  r a t i o  

of  a a t  x band t o  t h a t  a t  C band i s  n e a r  2 ,  r a t h e r  t h a n  3. U n f o r t u n a t e l y ,  

t h e  f u n c t i o n s  f o r  = 1 . 0  a r e  n o t  p r e s e n t e d  i n  Ref .  4;  i t  a p p e a r s  l i k e l y ,  

however ,  t h a t  t h e  27-db r a n g e  i s  c o n c e n t r a t e d  i n  t h e  u p p e r  p a r t  o f  t h e  

r a n g e  o f  a ,  r a t h e r  t h a n  b e i n g  u n i f o r m l y  d i s t r i b u t e d  between 0 . 5  and 1 . 5 .  

T h e r e f o r e ,  i t  i s  most l i k e l y  t h a t  t h e  o b s e r v e d  c a s e s  w i t h  q x / q c  i n  e x c e s s  

o f  20 db a r e  due t o  d r y  h a i l  w i t h  a n e a r  1 . 5  a t  X band and 0 . 8  a t  C band ,  

The  f u n c t i o n  i l ( 0 )  f o r  8 < 10'  i s  a b o u t  

I n  t h e  p r e s e n t  c a s e ,  
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t h a t  i s ,  h a i l  w i t h  t h e  g r e a t e r  p a r t  o f  t h e  s i g n a l  c o n t r i b u t e d  by s t o n e s  

' n e a r  15-mm d i a m e t e r .  T h i s  is  c o n s i s t e n t  w i t h  t h e  d a t a  o f  F i g .  5 ,  w h e r e  

t h e  maximum v a l u e  o f  T,/T= i s  shown a t  4 km above g r o u n d ,  w e l l  above  t h e  

m e l t i n g  l e v e l .  I t  i s  p o s s i b l e  t h a t  s h a p e  e f f e c t s  p l a y  a p a r t  h e r e  a l s o ,  

b u t  t h e y  c a n n o t  b e  a s s e s s e d  a c c u r a t e l y  as  t h e  Mie f u n c t i o n s  have n o t  been  

g e n e r a l i z e d  t o  l a r g e  n o n s p h e r i c a l  p a r t i c l e s .  S t u d i e s  o f  b a c k - s c a t t e r i n g  

by s m a l l  e l l i p s o i d s  show t h a t  s i g n i f i c a n t  e f f e c t s  c o u l d  o c c u r .  

The d e c r e a s e  i n  q x / q ,  t oward  t h e  t o p  o f  t h e  s t o r m  c a n  be  a t t r i b u t e d  

t o  a p r e p o n d e r a n c e  o f  f i n e  h a i l s t o n e s  or  snow c r y s t a l s  o r  b o t h ;  t h e  d e -  

c r e a s e  i n  ~ ) , / q ,  downward from t h e  4-km l e v e l  c a n  be  a t t r i b u t e d  t o  a 

p r e p o n d e r a n c e  o f  l i q u i d  w a t e r  i n  t h e  lower  p a r t  o f  t h e  shower.  I t  i s  

i n t e r e s t i n g  t o  n o t e  t h e  a p p r o a c h  t o  R a y l e i g h  s c a t t e r i n g  n e a r  t h e  l o w e r  

e d g e s ,  where r e l a t i v e l y  s m a l l  r a i n d r o p s  a r e  o r d i n a r i l y  e n c o u n t e r e d .  From 

F i g .  6 ,  i t  would a p p e a r  t h a t  d r o p  d i a m e t e r s  t h e r e  a r e  1 t o  2 m m .  AS 

s m a l l  w a t e r  d r o p s  a r e  more e f f i c i e n t  s c a t t e r e r s  t h a n  i c e  s p h e r e s  o f  t h e  

same s i z e ,  t h e  i n c r e a s e  i n  r e f l e c t i v i t y  a t  C band w i t h  d e c r e a s i n g  h e i g h t  

c a n  b e  a t t r i b u t e d  t o  t h e  m e l t i n g  o f  h a i l s t o n e s  t o  r a i n d r o p s .  

ward i n d e n t a t i o n  o f  t h e  -60-db c o n t o u r  on  F i g .  5 c o i n c i d e s  w i t h  t h e  

downward e x t e n s i o n  o f  t h e  -24-db c o n t o u r  on F i g .  4;  i t  may b e  a s s o c i a t e d  

w i t h  a s h a f t  o f  f a l l i n g  h a i l ,  w i t h  t h e  s t o n e s  n o t  showing a p p r e c i a b l e  

m e l t i n g  u n t i l  c l o s e  t o  t h e  g r o u n d .  

The down- 
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